In this clinical study, 110 patients seen at three different clinical facilities were fit binaurally with linear, in-the-canal (ITC) hearing aids. All patients were new hearing aid users. Each of the hearing aids was equipped with an adjustable control that could be set by one of the audiologists (Audiologist A) at each site to convert it from a linear instrument to an experimental nonlinear one with automatic reduction of low-frequency gain at high input levels (or base increase at low levels, BILL). Both the patient and the audiologist performing the outcome testing at each site (Audiologist B) were blind as to the present setting of the hearing aid. Each participant was enrolled in the study for a total of 12 weeks, with the hearing aid set to either the linear or BILL-processing mode of operation for the first 8 weeks and the opposite setting for a subsequent 4-week period. In summary, this was a prospective, doubleblind, crossover study of 110 new hearing-aid users. Outcome measures focused on hearing-aid benefit and included both objective and subjective measures. Objective measures were derived from scores on the Northwestern University Auditory Test No. 6 (NU-6) and the Connected Speech Test (CST) obtained for all possible combinations of two speech presentation levels (60 and 75 dB SPL), two types of background noise (cafeteria noise and multitalker babble), and two signal-to-noise ratios (+5 and +10 dB). Subjective outcome measures included magnitude estimation of listening effort (MELE), the abbreviated form of the Hearing Aid Performance Inventory (HAPI), and estimations of hearing-aid usage based on daily-use logs kept by the participants. All of these measures were used to evaluate the benefit provided by linear amplification and the benefit resulting from the experimental BILL processing. Participant preferences for the experimental BILL-processing scheme or linear processing were also examined by using a paired-comparison task at the end of the study. Results were analyzed separately for three subgroups of patients (mild, moderate, severe) formed on the basis of their average hearing loss at 500, 1000, 2000, and 4000 Hz. In all three subgroups, significant improvement in performance was observed for linear amplification and for BILL processing when compared to unaided performance. There were no significant differences in aided performance, however, between linear processing and the experimental BILL processing. Volume 40, 666-685, June 1997 O ther than the obvious effect of reduced audibility of conversational level speech, it has long been observed that sensorineural hearing loss interferes with communication in noisy backgrounds.
the past several decades, there have been no comprehensive, large-scale, prospective clinical studies of the benefits provided by such instruments. Such information is critically important as alternatives to linear amplification, such as BILL-processing, multichannel compression, and wide-dynamic-range compression, are developed and evaluated. When studies have been conducted comparing linear and nonlinear systems, it has typically been the case that the hearing aids under investigation differ in more than just their linearity. In view of the foregoing, the purpose of this study was to evaluate the clinical performance of a linear ITC hearing aid with and without activation of an experimental BILL-based processing option. The hearing aid, with and without the BILL processing activated, was evaluated using objective and subjective tests of device performance and measures of participant preference. As described in more detail below, a total of 110 persons with sensorineural hearing loss participated in this prospective study conducted at three different clinical sites.
Protocol Overview of Design
This was a prospective, double-blind, crossover, controlled study. The study population was divided into three groups according to their hearing loss: (1) mild, defined as a four-frequency (500, 1000, 2000, and 4000 Hz) pure tone average (4PTA) of 25-40 dB HL; (2) moderate, 4PTA of 41-60 dB HL; and (3) severe, 4PTA of 61-85 dB HL. Each of the participants was tested with the same hearing aid in two different circuit configurations: BILL option and linear. Randomly, one-half of the participants were dispensed the BILL circuit active first, and the other one-half received the linear circuit active first. After an appropriate adjustment period (discussed below), the participant's performance with the first circuit configuration was assessed. After that assessment, the participant was switched to the second circuit configuration and was given an appropriate adjustment period. The participant then returned for an assessment of performance with the second circuit configuration.
Assignment of initial aided condition (BILL vs. linear) was randomized such that an equal number of participants was included in each group. Further, the study was double blind. The participants did not know which circuit type was being tested first. At each test site, one audiologist (A) was responsible for fitting the hearing aids. A second audiologist (B), without knowledge of which circuit type a participant was using for any given test session, performed the performance testing. The participants and Audiologist B were also blind regarding the hearing aid's manufacturer. This was accomplished by having no manufacturer's labeling or markings on the hearing aid For the vast majority of listeners with sensorineural hearing loss seen by audiologists and hearing instrument specialists over the past few decades, the conventional approach to rehabilitation has been to fit the person having sensorineural hearing loss with a linear, head-worn hearing aid with output limiting accomplished via peak clipping (Bess & Humes, 1995; Hawkins & Naidoo, 1993) . To improve the communication performance of persons wearing such instruments in noise a variety of modifications to the basic linear, peak-clipping instrument has been investigated. High-pass filtering in a hearing aid has been advanced as one technique to minimize the effect of background noise on speech communication.
High-pass filtering can be accomplished in a hearing aid in two ways. First, the hearing aid can be set to have a static high-pass response. At all times, the hearing aid's frequency response is set to minimize low-frequency gain and to maximize high-frequency gain. The principal drawback to this approach is that many listeners do not like the sound quality of such an amplifying system in quieter environments (Punch & Beck, 1986) . Further, there is useful speech information in the lower frequencies that should be provided to the listener, if at all possible. This low-frequency information should be restricted only if there is a drawback to its presence (such as excessive upward spread of masking or undesirable sound quality).
The second manner in which low-frequency energy can be attenuated is via adaptive high-pass filtering (Fabry & Walden, 1990) . In this approach, the hearing aid is set to have a relatively broad response in quieter environments. As the overall sound level in the environment increases above a certain threshold level, the hearing aid automatically shifts to a more high-pass response. The assumption behind such an approach is that the listener is likely to prefer a broader response if there is a minimal amount of noise present. If the overall level of the listening environment rises, there is a high likelihood that a significant amount of this energy is low-frequency noise (Ono, Kanzaki, & Mizoi, 1983) . Therefore, the hearing aid automatically reduces gain for this undesirable low-frequency sound and concentrates the response of the hearing aid to the more important high-frequency region. This automatic low-frequency reduction in gain at high input levels is implemented through different methods in several models of commercially available hearing aids. It has been variously termed "automatic signal processing (ASP)," "adaptive frequency response (AFR)," and "bass increase at low levels (BILL)." Some commercial devices incorporate adaptive high-pass filtering in single-channel analog devices, whereas others make use of single-or multichannel compression to realize BILL processing.
Despite the prevailing use of linear hearing aids over casing or accompanying hardcopy materials, as well as by channeling all communications between the manufacturer and test site through Audiologist A.
This study was carried out at three independent audiology research facilities: (1) the Division of Hearing and Speech Sciences, Vanderbilt University School of Medicine, Nashville, Tennessee; (2) the Department of Communication Disorders, Louisiana State University Medical Center, New Orleans, Louisiana; and (3) the Department of Otolaryngology, University of Iowa Hospitals and Clinics, Iowa City, Iowa. These facilities were all in close physical and administrative proximity to an active clinical hearing aid dispensing program. Investigators at all research facilities obtained the appropriate Institutional Review Board approval for the use of human participants at their facilities.
Participants
The participant was eligible for entry into the study if the participant: (a) was at least 18 years of age or older; (b) had a flat or gently sloping sensorineural hearing loss (slope 0-15 dB/octave from 250 Hz to 4000 Hz, no interoctave change of greater than 20 dB), consistent with the fitting guidelines of the hearing aid; (c) had a hearing loss that was symmetrical (within 10 dB at octave and halfoctave frequencies from 250 Hz to 4000 Hz); (d) had thresholds that ranged between 25 and 85 dB HL at octave and inter-octave intervals from 250 Hz to 4000 Hz, inclusively; (e) had received medical clearance by a physician to use hearing aids binaurally; (f) had read, understood, and signed the Informed Consent form; (g) had normal tympanograms bilaterally; and (h) resided within a reasonable distance of the test facility.
The participant was ineligible for entry into the study if the participant: (a) was a prior hearing aid user, although the participant could have participated in a prior 30-day trial of amplification (but not within the previous 6 months); (b) had any indication of a medically or surgically treatable ear disorder; (c) had an external auditory canal with a size and shape that was inconsistent with an appropriately sized device; (d) had known fluctuating or rapidly progressive hearing loss; (e) had any cognitive, medical, or language-based condition that limited his/her ability to complete all test procedures; (f) was currently participating in any other clinical trials; (g) had any known disease or condition, other than sensorineural hearing loss, that might affect hearing or cognition; or (h) was taking any medication(s) that could affect hearing or cognition.
Participants could also be discontinued from the study for one of the following reasons: (a) development of any of the exclusion criteria during the course of the study, such as medical/surgical ear condition, fluctuating hearing loss, disease/condition affecting hearing/cognition, or VIII-nerve tumor; (b) inability or unwillingness to maintain wearing schedule; (c) inability or unwillingness to make or keep clinic appointments during study; (d) death or disability; (e) relocation of participant; (f) over 3 weeks cumulative off-the-ear time; (g) change in participant's thresholds at two or more test frequencies by more than 10 dB, as compared to the initial baseline audiogram; or (h) a missed evaluation visit.
For their participation in the study, the participants received their hearing aids at no charge. All clinical services provided during the study were also provided at no charge to the participant.
The mean air-conduction audiograms for the left (squares) and right (circles) ears for each of the three hearing-loss subgroups are provided in Figure 1 . Standard deviations are also given in the upper portion of Figure 1. The mean audiogram for each subgroup shows a bilaterally symmetrical, gently sloping configuration that varies in severity across subgroups. Table 1 shows the distribution of participants by site, severity of hearing loss, and gender. Age ranges are also provided. As can be seen, most of the participants with severe hearing loss were tested at the University of Iowa and were mostly men, whereas those with mild hearing loss were fairly evenly distributed across all three sites and were mostly women. 
Hearing Aid
All participants were fit with binaural, custom, inthe-canal (ITC) hearing aids manufactured by Dahlberg, Inc. The shells of the hearing aids were unvented (which was considered to be generally appropriate given the degree and configuration of the hearing losses) and were fabricated from standard materials and with mediumlength canals. The test hearing aids included an experimental BILL circuit that reduced the amount of gain in the low frequencies as the input intensity increased. A manually adjustable potentiometer on the device, accessible only to the audiologist, allowed the BILL circuit to be deactivated. When the circuit was deactivated, the device acted as a linear amplifier-the most common circuit currently used on the hearing aid market. This particular linear circuit, however, made use of a patented Class AB output stage that, according to the manufacturer, incorporated low-distortion peak clipping, reduced low-frequency circuit noise, and low current drain. When the BILL circuit was active, the threshold for activation of the BILL processing was set at the lowest possible level (about 60 dB SPL). This was essentially a single-channel analog device with adaptive highpass filtering with a variable threshold for activation of the adaptive filtering. When the potentiometer was adjusted to one extreme position, inputs as low as 60 dB SPL would activate the adaptive high-pass filtering and maximum reduction of low frequencies occurred, whereas adjustment to the other extreme position resulted in deactivation of the adaptive filtering (linear processing). Figure 2 illustrates the effect of these two extreme potentiometer settings on the frequency response of the hearing aid as a function of input level. The biggest reductions in low-frequency gain are obtained for the BILL circuit for inputs of 70 and 80 dB. Note that activation of the BILL circuit actually reduces the gain in the mid and high frequencies by about 8-10 dB, compared to the linear setting at an input level of used to listening to an amplified signal. It may not be until several weeks after being fit with a new hearing aid that some users can make maximal use of the new auditory information. Therefore, in order to increase the likelihood of achieving optimal performance with the hearing aids in this study, the user was allowed to adapt to its use. A longer period of acclimitization (8 weeks) was implemented for the trial with the first circuit because it was anticipated that there would be a greater need for adjustment to the use of amplification initially that included familiarization with the insertion/ removal of the device, operation of controls, replacement of batteries, and adjustment to the new sound quality.
During the adjustment period, no changes in the response or casing of the hearing aid were allowed, except in cases of reported physical or loudness discomfort or acoustic feedback. In typical clinical practice, the audiologist may make fine-tuning adjustments in the participant's hearing aid during the first several weeks. These adjustments are typically due to sound-quality preferences on the part of the participant. However, these adjustments are not predictable and will vary from participant to participant depending on factors that are not fully understood. The NAL-R prescriptive rules are well developed, well supported in the literature, and generally accepted by audiologists. Therefore, in an attempt to provide consistent responses from participant to participant, variations from the NAL-R prescribed hearing aid responses were not permitted during the study.
The first evaluation session took place no more than 2 weeks after the end of the 2-month adjustment period. After the first circuit had been evaluated, the participant's hearing aids were changed to the alternative circuit. The participant was then given a 1-month adjustment period with the second circuit. The second evaluation session took place no more than 2 weeks after the end of this 1-month adjustment period. Follow-up phone and mail contacts were made in cases in which participants did not keep scheduled evaluation sessions.
Speech levels vary across a broad range in typical communicative environments (Pearsons, Bennett, & Fidell, 1977) . In this study, testing was performed at two different speech levels, 60 and 75 dB SPL, which represent normal and raised speech (Pearsons et al., 1977) . Further, the degree of low-frequency amplification in the experimental BILL circuit varies inversely with the overall input level. Evaluating nonlinear circuits at more than one level has been recommended by others (e.g., French-St. George, Engebretsen, & O'Connell, 1992) . By testing at these two levels, we were able to assess BILL-circuit performance aspects and aided benefit across a range of typical input levels.
A variety of background noise types has been used in past evaluations of automatic low-frequency reduc-60 dB and, to a lesser extent, at 70 dB. Although results shown in Figure 2 are only for the hearing aid circuit with the highest gain, identical patterns of results were observed for the circuit with lowest gain, although the reduction of gain in the mid-and high-frequency regions was less pronounced (4-6 dB) for this circuit. The relative effects of BILL processing shown in this figure, moreover, are independent of volume-control setting.
During the study, the hearing aids were marked only with a serial number-no brand identification information. At study completion, they were returned to the manufacturer for proper labeling before they were returned to the participants. All hearing aids were tested electroacoustically in accordance with ANSI S3. before dispensing and at all post-fit evaluations.
The gain, frequency response, and maximum output of each hearing aid was individually selected by the manufacturer on the basis of audiometric characteristics of each test ear. The gain and frequency response were selected to meet the targets prescribed by the revised National Acoustics Laboratory (NAL-R) fitting procedure (Byrne & Dillon, 1986) when set for the linear mode of operation. The desired frequency response was confirmed via probe-tube measurement techniques at hearing-aid delivery. Consistent with the recommendations of Mueller (1992) , the real-ear insertion gain of the hearing aid was within 10 dB at all octave frequencies below 4000 Hz and within 15 dB at 4000 Hz. The mean target gain curves based on the NAL-R formula and the mean real-ear insertion responses for the linear setting obtained from the participants for a 60-dB-SPL input are shown for each ear and hearing-loss subgroup in Figure 3 . There is excellent agreement between the prescribed (target) gain and the measured insertion gain in all cases from 250 Hz to 4000 Hz, but a consistent underamplification of about 8-12 dB at 6000 Hz. SSPL90 targets were derived from loudness discomfort levels (LDLs) measured using procedures described by Hawkins, Walden, Montgomery, and Prosek (1987) . The maximum output of the device was selected to be no more than 10 dB below the SSPL90 target maximum at octave frequencies from 500 Hz though 4000 Hz.
Hearing Aid Evaluations
No evaluation of hearing aid benefit took place until after a 2-month adjustment period with the first circuit. This adjustment period is consistent with recent evidence of the maturation of hearing aid benefit or "acclimitization" (Cox & Alexander, 1992; Gatehouse, 1992 Gatehouse, , 1993 , allowing for plateau performance, although there is some debate about the size and significance of this effect (Turner, Humes, Bentler, & Cox, 1996) . Nonetheless, it was assumed that it takes some finite amount of time for a new hearing aid user to get tion amplification. The performance of automatic lowfrequency reduction amplification has been demonstrated to vary with background noise type (Fabry, 1991) . Specifically, as the noise shifts from predominantly lowfrequency energy to more broadband energy, the beneficial effects of the circuit tend to diminish. Also, the use of steady-state narrow-band, speech, or white noise does not replicate real-world listening environments. Therefore, in this study, two noise types were used: cafeteria noise (Auditec) and multitalker speech babble (Auditec). Spectrally, cafeteria noise tends to be dominated by lowfrequency energy, but continues to have some higher Mean target real-ear insertion gain generated by the NAL-R formula (squares) compared to the mean real-ear insertion gain measured (circles) for a 60-dB input. Vertical bars above and below circles represent one standard deviation above and below the mean. Left-hand panels and unfilled symbols are for left ear, whereas right-hand panels and filled symbols are for right ear. Top panels present data for group with mild hearing loss, middle panels contain data for group with moderate hearing loss, and bottom panels present data for group with severe hearing loss.
frequency content because of the presence of some competing speech. Babble tends to have the same long-term characteristics as test speech material. By using both cafeteria noise and speech babble, we assessed the effects of the BILL circuit and the benefit provided by both BILLprocessing and linear hearing aids in realistic, yet spectrally different, background conditions.
Procedures
Before the beginning of this study, investigators from each clinical site met with the study sponsor (the manufacturer) to review the protocol and data-handling issues. Identical materials, protocols, and forms were used at all sites. An independent study monitor familiar with medical-device clinical field studies was retained by the study sponsor to monitor the study procedures at each site; this person made several visits to the sites throughout the duration of the study to assure uniformity and adherence to the protocol.
At the patient's first visit to the facility, referred to as the recruitment visit, information on the participant's history, demographics, eligibility, unaided hearing performance, and hearing-aid fit was collected and evaluated. Ear impressions were obtained at this visit, and the hearing aids were ordered. The investigator also explained the Physician Release Form and the Informed Consent Form to the participant during this visit.
The second visit, the dispensing visit, took place within 3 weeks of the recruitment visit. At this visit, the participant returned the signed Informed Consent and Physician Release Forms, and before the hearing aids were dispensed Audiologist B confirmed the participant's hearing thresholds measured previously. Next, Audiologist A evaluated the hearing aids in the testbox, measured the real-ear performance, and gave a hearing-aid-use log to the participant with an explanation of its use. Participants were instructed to wear their hearing aids at least 5 hours per day, 5 days per week. Audiologist B then obtained unaided speech-recognition scores, along with magnitude estimates of listening effort (see below), from the participant.
The third visit to the facility represented the first aided evaluation of performance and took place no more than 2 weeks after the 2-month "acclimatization" period (time from dispensing visit to the first aided evaluation visit). At this visit, hearing sensitivity was again measured by Audiologist B to confirm the stability of hearing thresholds. Audiologist A evaluated the hearing aids in the testbox and collected the hearing-aid-use log from the participant. In addition, the Hearing Aid Performance Inventory (HAPI; Walden, Demorest, & Hepler, 1984) was administered in its abbreviated form (Schum, 1993) using a pencil-andpaper format, and a new hearing-aid-use log was given to the participant. Audiologist B then obtained aided speech-recognition and listening-effort scores. Once these measures were completed, the hearing aid was switched to the alternate setting (linear or BILL) by Audiologist A.
The fourth visit to the facility represented the second and final aided evaluation of performance and took place no more than 2 weeks after the 1-month adjustment period (time from the first aided evaluation visit to the second aided evaluation visit). At this visit, hearing sensitivity was again measured by Audiologist B to confirm the stability of hearing thresholds. Audiologist A evaluated the hearing aids in the testbox and collected the hearing-aid-use log from the participant. In addition, the abbreviated HAPI was again administered. Audiologist B then obtained aided speech-recognition and listening-effort scores. Finally, a series of pairedcomparison measurements was performed by the participant with the assistance of Audiologist A. 
Outcome Measures
Taped speech-recognition tests (NU-6; Tillman & Carhart, 1966 / Connected Speech Test, CST; Cox, Alexander, Gilmore, & Pusakulich, 1988) were administered at +5 and +10 dB signal-to-noise ratios (S/N) in babble and cafeteria noise at speech presentation levels of 60 and 75 dB SPL. Oral responses were used for both tests. All scores for both the NU-6 and CST tests were based on 50 items. Speech and noise were presented from a single loudspeaker located at zero-degrees azimuth and one meter from the center of the participant's head. All sound pressure levels refer to those measured in the sound field using the method of substitution (Skinner, 1988) .
A magnitude-estimate of listening effort (MELE) was also developed and used in this study. In this task, the listener rated the difficulty of listening to speech in cafeteria noise and babble backgrounds. The listener heard a 10-sentence encyclopedia-style passage from the CST. Four passages were presented at 60 and 75 dB SPL in both noise backgrounds at +5 and +10 dB S/N (32 total passages). After each passage, the listener rated "ease of listening" on a 0-100 scale, with 100 representing extremely easy listening. In each listening condition, the ratings from the last three passages were averaged and the first in each condition was discarded as practice.
After completion of the second round of objective and subjective measures of performance, the participant was then placed in the sound field and presented with continuous discourse (the Rainbow Passage recording available on the Q/MASS Speech Audiometry, Volume 1 compact disk) at the same levels and signal-to-noise ratios described above. The audiologist then switched the circuit back and forth from the BILL to the linear setting. The participant heard a 15-to 20-second passage in one circuit setting, followed by a second 15-to 20-second passage with the other circuit active. The order of which circuit was active first was randomly varied. The participant then chose which circuit he/she preferred to use in that noise condition.
The participant used the following rating scale to indicate preference: (1) Circuit A significantly better than circuit B; (2) Circuit A moderately better than circuit B; (3) Circuit A slightly better than circuit B; (4) Circuit B slightly better than circuit A; (5) Circuit B moderately better than circuit A; (6) Circuit B significantly better than circuit A. The participant made one practice, then three test ratings, at each speech level, in both noise backgrounds and at each signal-to-noise ratio. The results from the three test ratings were averaged in each listening condition.
Result
A total of 115 participants was enrolled in the study, but 1 was not dispensed a hearing aid and 4 These tests were performed at +5 and +10 dB S/N; at 60 and 75dB SPL; and in cafeteria and babble noise.
were discontinued. Of the 4 discontinued participants, 1 was discontinued because closer evaluation revealed that the participant did not meet all of the inclusion criteria and should not have been enrolled, whereas the other 3 were lost to follow-up (did not return and could not be reached). Of the 110 remaining participants, none missed a scheduled visit. The results described below are for the 110 who were enrolled and completed the entire study.
Group Data-Linear vs. BILL-Processing

NU-6 Test
Recall that the NU-6 test was performed at several signal-to-noise ratios, speech levels, and in two different types of noise background at the dispensing visit (unaided) and the first and second evaluations (aided). Figure 4 provides a summary of the mean aided NU-6 percent-correct data for the 110 participants with mild, moderate, or severe hearing loss, respectively. Table 3 provides the corresponding standard deviations for the mean values appearing in Figure 4 .
Connected Speech Test
The Connected Speech Test (CST) was also performed for the same combinations of signal-to-noise ratio, speech level, and types of background noise used with the NU-6 at the dispensing visit (unaided) and at the first and second evaluations (aided). Figure 5 provides a summary of the mean aided CST percent-correct data for the 110 participants with mild, moderate, or severe hearing loss, respectively. Table 4 provides the corresponding standard deviations for the mean CST values appearing in Figure 5 .
ANOVAs on NU-6 and CST Scores
Percent-correct scores for the NU-6 test and the CST were arcsine transformed to stabilize the error variance (Kirk, 1968) , and the difference scores between the linear and BILL settings were computed. An analysis of variance (ANOVA) with a between-subject factor of hearing-loss group and four bivalent repeated-measures or within-subject variables (test materials, signal-to-noise ratio, noise type, and speech level) was performed first and showed no statistically significant (p < .05) effects of hearing-loss group (either main effects or interactions). Consequently, a second ANOVA was performed on the difference scores (linear vs. BILL) for all 110 participants and the four repeated-measures, within-participant variables without regard to hearing-loss group. The results of this ANOVA are summarized in Table 5 and indicate that there was no difference in performance between the linear and BILL settings (i.e., the linear-minus-BILL difference scores did not differ significantly from zero). Moreover, Figure 4 . Mean percent-correct scores on the NU-6 test for the linear (cross-hatched bars) and BILL (unfilled bars) settings of the hearing aid. Panels are organized from top to bottom according to hearing loss group such that participants with mild hearing loss are in the top two panels, those with moderate hearing loss are in the middle two panels, and those with severe hearing loss are in the bottom two panels. All left-hand panels contain data for the 60-dB-SPL presentation level, whereas all right-hand panels contain data for the 75-dB-SPL presentation level. Within each panel, results for babble background at +5 and +10 dB signal-to-noise ratio, followed by cafeteria-noise background at +5 and +10 dB signalto-noise ratio, are plotted along the x-axis as one moves from left to right.
Journal of Speech, Language, and Hearing Research none of the other variables (test materials, noise type, signal-to-noise ratio, or speech level) significantly affected the linear-minus-BILL difference scores, either individually or in combination.
Magnitude Estimation of Listening Effort Test (MELE)
The MELE test required the listener to rate, from 0 to 100, the ease of listening to speech in cafeteria noise and in babble backgrounds. The same connected-speech passages used in the CST served as the speech stimulus. As with the NU-6 and CST tests, the MELE test was performed at +5 and +10 dB S/N in babble and cafeteria noise, with the speech signal presented at 60 and 75 dB SPL at the dispensing visit (unaided) and the first and second evaluation visits (aided).
Figure 6 provides a summary of the MELE data for the 110 participants in this study with mild, moderate, or severe hearing loss, respectively. Table 6 provides the standard deviations corresponding to the mean MELE data appearing in Figure 6 . Ratings, which ranged from 0 to 100, were repeated a total of four times per condition, with the first rating discarded and the remaining three averaged for each subject. Preliminary analyses conducted on the linear-minus-BILL difference scores, as used in the analysis of the NU-6 and CST results, found significant heterogeneity of variance for the MELE difference scores. Consequently, analyses of variance were performed on the raw scores rather than difference measures for the MELE test (variances of raw scores were found to be homogeneous across conditions).
An analysis of variance performed on the MELE ratings, with hearing-aid setting (linear vs. BILL) as a variable, is summarized in Table 7 . For the most part, this analysis indicated that there was no significant effect of the hearing-aid setting on MELE ratings. That is, the main effect of circuit setting (linear vs. BILL) was not significant and only one of the 15 interactions involving this variable was significant (hearing loss group x noise type x setting). The presence of this significant interaction involving hearing loss group, however, confounds a simple interpretation of the effect of hearing-aid setting. From visual inspection of the data in Figure 6 , this threeway interaction involving the hearing-aid setting appears to be due to the higher MELE scores for the subjects with severe hearing loss listening in babble for the BILL hearing-aid setting and the reversal of this trend under the same conditions for the listeners with mild hearing loss. The presence of several significant two-way interactions (noise type x signal-to-noise ratio, noise type x presentation level, and signal-to-noise ratio x presentation level), none involving the hearing-aid setting variable, illustrates the importance of assessing MELE across a range of listening conditions. Mean percent-correct scores on the CST for the linear (cross-hatched bars) and BILL (unfilled bars) settings of the hearing aid. Panels are organized from top to bottom according to hearing loss group such that participants with mild hearing loss are in the top two panels, those with moderate hearing loss are in the middle two panels, and those with severe hearing loss are in the bottom two panels. All left-hand panels contain data for the 60-dB-SPL presentation level, whereas all right-hand panels contain data for the 75-dB-SPL presentation level. Within each panel, results for babble background at +5 and +10 dB signal-to-noise ratio, followed by cafeteria-noise background at +5 and +10 dB signalto-noise ratio, are plotted along the x-axis as one moves from left to right. 
Order Effect
The results were analyzed for effects of the order in which the hearing-aid setting was first dispensed to a participant. One might hypothesize that participants will perform best with the hearing-aid setting (linear vs. BILL) to which they first became accustomed, in part because it was their first experience, but also because they wore the hearing aid with that setting for 8 weeks, versus 4 weeks for the second setting. To address this issue, six separate ANOVAs were performed: one for each of the three benefit measures (NU6, CST, and MELE) in each of two noise types (cafeteria and babble). A significant (p <. 01) main effect of the initial hearing-aid setting was not observed, and no significant interactions with the initial setting were obtained in any of these ANOVAs.
Hearing Aid Performance Inventory (HAPI)
The HAPI questionnaire was used to identify the effect of the hearing aids on the participant's communication abilities in daily life. Each participant completed this questionnaire at the first and second evaluation visits, ranking the benefit provided by the hearing aid from Very Helpful (1) to Hinders Performance (5). Table 8 provides a summary of the observed HAPI scores (means and standard deviations) for all hearing loss groups. Analyses using Wilcoxon Signed Ranks Tests for each participant group showed no significant difference in HAPI scores for linear or BILL settings (Wilcoxon Z = -1.10, p = 0.27; Z = -1.59, p = 0.11; Z = -1.53, p = 0.12; for mild, moderate, and severe hearing-loss groups, respectively). The grand mean scores across all hearing loss groups were 2.10 for the BILL setting and 2.02 for the linear setting, indicating that both circuits were generally considered to be "helpful" to the participants. (On the HAPI, a rating of 1 is associated with a label of "very helpful" and a rating of 2 with a label of "helpful.") The difference in grand mean HAPI scores for the linear and BILL settings, collapsed across all three subject groups, however, approached statistical significance (Z = -2.36, p = 0.02). Figure 6 . Mean ratings on the MELE test for the linear (cross-hatched bars) and BILL (unfilled bars) settings of the hearing aid. Panels are organized from top to bottom according to hearing loss group such that participants with mild hearing loss are in the top two panels, those with moderate hearing loss are in the middle two panels, and those with severe hearing loss are in the bottom two panels. All lefthand panels contain data for the 60-dB-SPL presentation level, whereas all right-hand panels contain data for the 75-dB-SPL presentation level. Within each panel, results for babble background at +5 and +10 dB signal-to-noise ratio, followed by cafeteria-noise background at +5 and +10 dB signal-to-noise ratio, are plotted along the x-axis as one moves from left to right.
Paired-Comparison Test
After completion of the second round of objective and subjective measures of performance at the second evaluation visit, the participant was placed in the sound field and presented with continuous discourse to determine participant preference for either the BILL or linear setting. The test was performed at +5 and +10 dB S/N in babble and cafeteria noise, with the speech signal presented at 60 and 75 dB SPL. During this test the audiologist switched the circuit back and forth from the BILL setting to the linear setting randomly. For each of the eight listening conditions (2 noise types x 2 S/N values x 2 sound levels), the participant chose the circuit he/she preferred. Each listening condition was repeated four times, and the mean preference rating for the final three ratings was computed (first rating discarded as practice).
For this task, the hearing-aid settings were rated on a scale of 1 to 6 by the participants, with ratings of 1, 2, and 3 representing varying degrees of preference for the BILL setting and ratings of 4, 5, and 6 representing varying degrees of preference for the linear setting. A mean value of 3.49 or below, therefore, meant that the participant preferred the BILL setting, and a value of 3.51 or above meant that the participant preferred the linear setting. The overall mean result for the pairedcomparison test (3.57) showed no group preference for either the linear or BILL setting (z = 0.1472, p = 0.442). Table 9 provides a summary of the average reported hearing-aid wear times for participants with mild, moderate, and severe hearing loss. Participants with severe hearing loss reported wearing their hearing aids longer (about 9 hours/day) than participants in the mild and moderate groups (about 7 hours/day).
Hearing-Aid Use
Group Data-Unaided vs. Aided Performance
Figures 7 and 8 provide summaries of the mean data for the NU-6 and CST with regard to unaided and aided conditions for the 110 participants of this study with mild, moderate, or severe hearing loss, respectively. Table 10 provides the standard deviations for the unaided scores appearing in these two figures. Since aided performance with the linear and BILL circuits was found to be equivalent in the previous analyses, the linear setting was selected arbitrarily to represent aided listening, and the standard deviations for these data appeared previously in Tables 3 and 4 . The less well-established MELE measures are not considered in detail here as measures of benefit. Rather, the focus is on the more conventional measures of benefit (NU-6, CST, and HAPI).
When a repeated-measures ANOVA was calculated for the aided-minus-unaided differences collapsed across all three subject groups (for arcsine-transformed NU-6 and CST data), differences were found to be significantly greater than zero (F = 146.13, df = 1,109, p < .01). In particular, aided scores were higher than unaided scores, which led to statistically significant benefit. To analyze the effects of each independent variable on the aidedminus-unaided difference scores, a second mixed-model ANOVA was performed. The results are summarized in Table 11 . As can be seen in this table, main effects of test material (NU-6, CST) and noise type (cafeteria, babble) were significant (p <. 01) and unconfounded by any interactions with other independent variables. Aidedminus-unaided differences were greater in cafeteria noise than in babble and for the CST than for the NU-6 test. In addition to these main effects, the three-way interaction of hearing-loss group, signal-to-noise ratio, and presentation level was also significant. From visual inspection of Figures 7 and 8 , this three-way interaction appears to be attributable to the effect of signal-to-noise ratio on the aided-minus-unaided difference at various presentation levels across the three groups. In particular, benefit on both the NU-6 test ( Figure 7 ) and the CST (Figure 8 ) increases as signal-to-noise ratio increases from +5 to +10 dB, except for the groups with mild or moderate hearing loss at the highest presentation level (75 dB). Finally, it should be noted that, given the lack of any significant differences in aided scores between the linear and BILL circuits described previously, significant benefit (aided scores minus unaided scores) exists for both circuits, even though the linear circuit was arbitrarily selected as the circuit for the aided condition in these analyses of the benefit provided by the hearing aid. Figure 9 provides scatterplots of the individual data for all 110 participants on the NU-6 test. In the top panel, percent-correct scores for the linear setting of the hearing aid are plotted against the corresponding percent-correct score for the BILL setting. The solid lines represent the diagonal (equality of the two scores) and 95% critical-difference boundaries from Thornton and Raffin (1978) for a test consisting of 50 items. Note that the vast majority of the data points plotted fall within the 95% critical differences, with approximately equal numbers of points falling below the boundaries as above them.
Individual Data
In contrast, the bottom panel of Figure 9 shows the aided NU-6 scores for the linear condition plotted as a function of the unaided scores. Notice that a much greater number of data points falls above the upper 95%-critical-difference boundary than below the lower boundary. Thus, these individual data are consistent with the analyses of the group results in that little difference was observed between the linear and BILL settings (top panel), . Mean percent-correct scores on the NU-6 test for the unaided (unfilled bars) and aided (linear; cross-hatched bars) settings of the hearing aid. Panels are organized from top to bottom according to hearing loss group such that participants with mild hearing loss are in the top two panels, those with moderate hearing loss are in the middle two panels, and those with severe hearing loss are in the bottom two panels. All left-hand panels contain data for the 60-dB-SPL presentation level, whereas all right-hand panels contain data for the 75-dB-SPL presentation level. Within each panel, results for babble background at +5 and +10 dB signal-to-noise ratio, followed by cafeteria-noise background at +5 and +10 dB signal-to-noise ratio, are plotted along the x-axis as one moves from left to right.
Figure 8.
Mean percent-correct scores on the CST for the unaided (unfilled bars) and aided (linear; cross-hatched bars) settings of the hearing aid. Panels are organized from top to bottom according to hearing loss group such that participants with mild hearing loss are in the top two panels, those with moderate hearing loss are in middle the two panels, and those with severe hearing loss are in the bottom two panels. All left-hand panels contain data for the 60-dB-SPL presentation level, whereas all right-hand panels contain data for the 75-dB-SPL presentation level. Within each panel, results for babble background at +5 and +10 dB signal-tonoise ratio, followed by cafeteria-noise background at +5 and +10 dB signal-to-noise ratio, are plotted along the x-axis as one moves from left to right.
but many individuals demonstrated significantly higher aided scores than unaided scores (bottom panel). The latter conclusion appears to be particularly true for unaided NU-6 scores less than or equal to 40%.
Figure 10 provides a comparable set of scatterplots for the CST percent-correct scores. The top panel again shows comparison of aided scores for the linear and BILL conditions, whereas the bottom panel compares aided (linear) to unaided performance. Although there is more scatter than in the NU-6 data, the same trends are apparent. Specifically, the two aided conditions do not appear to differ systematically (top panel), whereas aided scores are frequently significantly greater than unaided scores (bottom panel). Again, because there were no significant differences between aided scores for the linear and BILL circuits, scatterplots equivalent to those in Figures 8 and 9 would have resulted if the results from the BILL circuit, rather than the linear circuit, had been selected to represent aided listening in these figures.
A voluminous amount of data was gathered in the course of this study-not only in terms of sample size, but in terms of the number of outcome measures obtained. Speech-recognition performance alone was measured in 16 different conditions. How do these data compare with those in the literature? Unfortunately, there are no norms available for these measures under the same combinations of noise type, speech level, and signal-to-noise ratio. To gain some insight into the validity of these results, Speech Intelligibility Index (SII; ANSI S3.79-draft V3.1) calculations were performed. The SII is essentially an updated version of the Articulation Index (AI) and is sensitive to factors manipulated in this study, including noise spectrum, noise level, speech level, hearing loss, and hearing-aid gain. SII calculations were performed only for the babble background-for which it could be reasonably assumed that the speech and babble had the same long-term average spectrum. Moreover, it was assumed that the average speech spectrum and the normal vocal effort included in the SII standard were reasonably representative of the 60-dB SPL speech level for both the NU-6 and CST talkers. Figures 11 and 12 depict the mean results from this study for the NU-6 test and the CST, respectively, plotted as a function of the SII. Bestfitting polynomials fit to the data in each figure (solid lines) indicate that the data are consistent with SII predictions in that performance increases monotonically with the SII. In the absence of adequate norms, this analysis assists in establishing the validity of these data.
Discussion
No statistically significant differences in performance were found between the BILL-processing and linear settings for any of the outcome measures used in this clinical investigation. This is consistent with a number of previous reports from smaller scale laboratory studies (see review by Fabry, 1991) . Essentially, in situations in which the speech and noise are broadband stimuli, BILL processing will provide level-dependent changes in gain that affect both the speech and the noise equivalently and do not improve the signal-to-noise ratio in any frequency region. Were the noise predominantly low-frequency in nature, however, one might expect different results.
Perhaps of greater importance, however, is the consistent observation, across several outcome measures, that there was significant benefit provided by these hearing aids when operating in either the linear or BILLprocessing mode compared to unaided listening. For both the NU-6 and CST measures, for example, the difference between unaided and aided scores was significantly greater than zero. Moreover, the participants reported using their hearing aids 7-9 hours per day, on average, supporting a self-perceived benefit associated with the use of their hearing aids. That is, they would probably not wear the hearing aids much if they failed to perceive significant benefit. Recall, however, that participants were instructed to wear their hearing aids at least 5 hours per day, 5 days per week, as participants in this study. The extent to which these instructions could have biased the participants' estimates of hearing-aid use is unclear. The validity of the estimates of hearing-aid use is reinforced, however, by the fact that participants with severe hearing loss reported greater daily usage than those with milder hearing loss and that many participants reported daily usage that was either greater or less than the minimum usage targeted in the audiologist's instructions. Finally, the HAPI provided additional support for significant benefit in that, on average, participants rated their hearing aids as being "helpful." Thus, this large-scale study documents significant benefit provided by well-fit linear amplification, including significant improvements in speech-recognition performance in noise. Moreover, equivalent benefit was measured for the linear and BILLprocessing circuits. Although BILL processing did not result in aided performance exceeding that achieved with well-fit linear amplification, both circuits provided significant, measurable, and equivalent benefit across a wide range of measures and conditions.
It is important to recognize the importance of the term well-fit in the preceding sentence. The real-ear gain measured in these participants was in close agreement with that prescribed by the NAL-R procedure out to a frequency of 4000 Hz, thereby making a wide portion of the speech spectrum audible. The importance of the region from 2000 to 4000 Hz to the understanding of speech in noise by hearing-impaired listeners has been emphasized previously (e.g., Lee & Humes, 1993) . Moreover, output limiting was adjusted so that SSPL90 was maintained below an uncomfortable level for each patient. Although this may not have had a direct bearing on the measures of objective benefit, it most likely had a significant impact on the amount of time the hearing aids were worn by the participants.
A wide range of listening conditions was sampled in this study: a total of 16 measures of speech recognition in noise, resulting in 16 objective measures of benefit per participant. When attempting to determine individual differences in the benefit provided by the hearing aids, the large number of measures poses some challenges in defining benefit for individual participants. For example, should one consider a participant to have conclusively demonstrated significant benefit only when showing significant benefit on all 16 speech-recognition measures or is 8 out of 16 adequate? Perhaps one should only care that the participant showed significant improvement on any one condition of the 16 sampled. That one condition, for instance, could prove to be a highly important and frequently encountered listening situation for the participant.
Our approach to determining the number of individual participants who demonstrated significant benefit was the following. First, the data were grouped by test material (NU-6, CST), hearing-loss category (mild, moderate, severe), and speech presentation level (60, 75 dB SPL). For each of these subgroups, a total of four listening conditions remained (two SNRs and two noise types). The percentage of participants showing significant (p < .05) benefit on at least two of these four conditions was then determined. To evaluate significance, the individual scores were converted to rationalized arcsine units (RAUs; Studebaker, 1985) , which enable the use of a constant-RAU difference score as a criterion for significance. For the NU-6 test, a RAU difference of 18.1 was used to establish significance (Studebaker, 1985) , whereas Cox et al. (1988) recommend a 15.5 RAU difference-score criterion for the CST. Table 12 provides the results of this analysis. Each entry in the table represents the percentage of participants showing significant improvements for two of the four conditions included in each subset of conditions represented in the table. It is apparent from the values in this table that about 60-80% of the participants showed significant improvement in at least half of the conditions when speech is presented at normal conversational levels (60 dB). This statement applies across test materials and hearing-loss categories, although there appear to be some systematic variations in this percentage with hearing-loss category. At the raised speech level (75 dB), a lower percentage of each hearing-loss group demonstrated significant improvement than at normal conversational levels. At the higher speech level, moreover, the effects of speech material (NU-6, CST) and hearing-loss category on the observed percentages are more apparent. It is probably not too surprising that fewer participants demonstrated significant benefit for raised speech levels than for normal levels. Recall that benefit is the relative difference between unaided and aided performance. At higher speech levels, listeners-especially those having milder impairments-will obtain higher unaided scores and consequently will have less room for improvement when the hearing aid is worn. Even so, approximately 20-60% of listeners with moderate or severe hearing loss demonstrated significant benefit for speech recognition in noise in this study at the higher speech presentation level. Figure 12 . Scatterplot of mean CST scores obtained in babble for each hearing-loss subgroup plotted as a function of the Speech Intelligibility Index (SII). All unfilled symbols represent unaided listening conditions, and filled symbols represent aided listening. The solid line represents the best-fitting 2nd-order polynomial, whereas the dotted lines represent 95% prediction intervals, or population confidence intervals, above and below the best-fitting polynomial. The best-fitting polynomial accounts for 80.6% of the variance.
